We report a simple universal method to systematically improve the accuracy of hydration free energies calculated using an integral equation theory of molecular liquids, the 3D reference interaction site model. A strong linear correlation is observed between the difference of the experimental and (uncorrected) calculated hydration free energies and the calculated partial molar volume for a data set of 185 neutral organic molecules from different chemical classes. By using the partial molar volume as a linear empirical correction to the calculated hydration free energy, we obtain predictions of hydration free energies in excellent agreement with experiment (R = 0.94, σ = 0.99 kcal mol −1 for a test set of 120 organic molecules).
Introduction
Hydration free energy (HFE) is a fundamental thermodynamic parameter used in describing the solvation behavior of a molecule [1] [2] [3] [4] . However, experimental HFE data have been reported for only several thousand of the millions of known organic compounds (see discussion in [5] [6] [7] [8] [9] [10] [11] [12] ). The main reason for this imbalance is that there are numerous experimental difficulties associated with accurate measurements of HFEs, particularly for compounds with low solubility and/or low volatility (we note that many important organic compounds fall into these categories) [13, 14] .
Computational methods offer an alternative means to obtain HFEs [5, 6, [15] [16] [17] [18] 12] . Accurate calculation of HFEs is of great interest because many physico-chemical properties of molecules in water can be estimated/derived from their HFEs.
For example, HFEs have been used in the calculation of acid-base dissociation constants (pKa's) [19] , aqueous solubilities [20, 21, 14] , octanol-water partition coefficients [22] [23] [24] , and protein-ligand binding affinities [25, 26] , amongst others. Calculations of these properties are required in many of the physical sciences, as well as in many fields of industry, including pharmaceutical [27] and agrochemical research and development [28, 29] . Therefore, computational methods to calculate HFEs are of great interest. However, the commonly used approaches to calculating HFE (e.g. continuum solvent models and explicit solvent simulations) are either too inaccurate or too computationally expensive to be used routinely for this purpose. In a recent blind test for the calculation of HFEs of bioactive molecules using existing methods, the best predictions were in the range RMSE = 2.5-3.5 kcal mol −1 [15] .
Integral equation theory (IET) offers an alternative framework for the calculation of hydration free energies. IET retains information about the solvent structure in the form of density correlation functions. As this theory works at the thermodynamic limit it gives estimations of the chemical potential. The most commonly used molecular IET is the reference interaction site model (RISM) which was introduced by Chandler and Andersen and in its original form requires a solution of the site-site Ornstein-Zernike (SSOZ) integral equations combined with a local algebraic relation, the socalled hypernetted chain (HNC) closure [30] . The model has since been extended to dipolar liquids by the XRISM treatment [31] . The HNC [32] or partially linearized HNC (PLHNC) [33, 34] relations remain the most popular closures mainly because the HNC-based methods provide analytical expressions for HFE calculations [35] .
However, until recently the RISM-based HFE methods have provided only qualitative agreements with experiments. Indeed, systematic studies [36] [37] [38] [39] [40] [41] have shown that the accuracy of HFEs calculated by RISM/HNC or RISM/PLHNC methods is rather poor. To overcome these problems, a 'three-dimensional' (3D) extension of the RISM has been developed [42, 43, 35, 44] . The 3D RISM treats the spatial anisotropy of solute-solvent correlation functions properly. However, in its current state even this more advanced (but computationally expensive) technique cannot provide a quantitative agreement of HFE calculations with experimental data for a wide set of compounds (see below). The purpose of this work is to introduce an effective universal correction for HFEs obtained by 3D RISM, which should expand the list of 3D RISM applications, making possible e.g. large-scale computational screening studies of thermodynamic properties of organic molecules.
Theoretical background
The integral equation theory of molecular liquids has been developed over a few decades and has now reached the point at which it can be used to describe almost the entire spectrum of solution chemistry phenomena, from solvation of monatomic ions to solvent effects on biomolecules and supramolecular assemblies [45, 35, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . From the theoretical point of view, the IET method consists of calculations of the binary correlation functions g(r, Θ) representing the density distributions of molecular species with regards to their translational r and orientational Θ degrees of freedom. The theory is based on the Molecular Ornstein-Zernike (MOZ) integral equation which relates the total correlation function h(r, Θ) = g(r, Θ) − 1 with the direct correlation functions c(r, Θ) [45] . For an isotropic molecular fluid it reads as:
where ρ is the bulk density of the liquid, and Ω contains all possible orientations of a molecule,
In order to make the problem solvable, the MOZ equation must be complemented with a closure relation 1 . Once the system is solved, one can calculate different structural and thermodynamic parameters of the system using the obtained values of the functions h and c [45, 35] . We should note that the functions have rather complicated shapes and behave differently at short-range (first solvation shell) and long-range (further than the second solvation shell) distances (see examples in figure 1) . At short-range distances the functions reveal pronounced peculiarities such as sharp peaks and slopes; at long-range distances the functions decay weakly with oscillations.
The high dimensionality of the MOZ equation makes it practically insolvable for most systems of chemical interest. Therefore, Chandler and Andersen introduced an approximate molecular integral equation theory-the reference interaction site model (RISM) [30] that operates with site-site distribution functions of low dimension and, therefore, reduces dramatically the computational cost associated with numerical solution of the integral equations. The original version of RISM operated with spherically symmetric distribution functions that effectively resulted in a system of onedimensional integral equations. Therefore, in the literature this approach is typically called 1D RISM [56, 35] .
The 1D RISM approach has a serious drawback because it does not properly take into account the spatial correlations of the solvent density around the solute. In 1996 Beglov and Roux proposed a three-dimensional (3D) extension of RISM-3D RISM [57, 42] . In the 3D RISM approach, the six-dimensional (6D) solute-solvent equation (equation (1)) is approximated by a set of 3D integral equations, operating with 3D intermolecular solvent site-solute total correlation functions {h α (r)}, and direct correlation functions {c α (r)} (index α corresponds to the solvent sites) (figure 1(a)) [35, 42] . The solvent molecules can be modeled as sets of atomic sites, such that the 3D structure of a single solvent molecule can be described by a set of intramolecular correlation functions {ω αξ (r )} ( figure 1(b) ) [58, 59] .
As in this work we are focused on thermodynamic properties of solutes at infinite dilution, we will discuss only the solute-solvent 3D RISM equation that connects the direct solvent site-solute correlation functions with total solvent sitesolute correlation functions [35] :
where χ ξα (r ) is the bulk solvent susceptibility function, and N solvent is the number of sites in a solvent molecule. The solvent susceptibility function χ ξα (r ) describes the mutual correlations of the sites of solvent molecules in the bulk solvent. In general, the function can be obtained from the solvent site-site radial total correlation functions (h ξα (r )) and the 3D structure of a single solvent molecule (equation (3), figure 1(b)) [35, 60] . Similarly to [60] , in this work these functions were obtained by the solution of the 1D RISM equations of the pure solvent [35, 61] .
To make equation (2) complete, N solvent closure relations are introduced:
where u α (r) is the 3D interaction potential between the solute molecule and α site of solvent, B α (r) are bridge functions, β = 1/k B T , k B is the Boltzmann constant, and T is the temperature. The 3D interaction potential between the solute molecule and α site of solvent (u α (r), equation (4)) is estimated as a superposition of the site-site interaction potentials between solute sites and the particular solvent site (u sα (r), where index s denotes the site in a solute molecule and index α-the site in a solvent molecule), which depend only on the absolute distance between the two sites:
where r s is the radius-vector of solute site (atom). We used the common form of the interaction potential represented by the long-range electrostatic term u el sα (r ) (where r = |r s − r|) and short-range Lennard-Jones (LJ) term u LJ sα (r ) as:
where {q s , q α } are the partial electrostatic charges of the corresponding solute and solvent sites, and
In general, the exact bridge functions B α (r) in equation (4) are represented as an infinite series of integrals over high order correlation functions and are therefore practically incomputable, which makes it necessary to incorporate some approximations [62, 63, 35] . The most straightforward and widely used model is the RISM/HNC approximation, which sets B α (r) to zero [32] . However, due to the uncontrolled growth of the argument of the exponent the use of the HNC closure can lead to a slow convergence rate, and in many cases even divergence of the numerical solution of the RISM equations. One way to overcome this problem is to linearize the exponent when its argument is larger than a certain threshold constant C:
The linearized HNC (PLHNC) closure for the case C = 0 was proposed by Kovalenko and Hirata in [33] . When C goes to infinity, equation (7) becomes the HNC closure. In the current work we performed calculations with C = 0.
Kovalenko and Hirata have also proposed a hydration free energy expression for the PLHNC closure [64] , the so-called KH free energy expression:
where ρ α is the number density of a solute sites α, (x) is the Heaviside step function
Although this expression has been extensively used to qualitatively model thermodynamics of different chemical systems [65] [66] [67] 59 ] it generally gives HFE values that are strongly biased from experimental data with a large standard deviation error [38, 12, 68, 69, 59 ].
Universal correction for hydration free energy: new model for the hydration thermodynamics in 3D RISM
In this work, we propose a way to improve the existing schemes for HFE calculations within the scope of the 3D RISM theory.
Firstly, we note, that several previous 1D RISM studies of simple solutes [70, 71, 40, 12] have shown that the 1D RISM HFE values can be effectively scaled as a sum of volume and/or surface contributions. Although this approach is very efficient for simple nonpolar solutes (e.g. linear alkanes), for polyfunctional solutes it requires incorporation of additional empirical parameters into the model [40, 12] to take into account the specific solute-solvent correlations around different chemical groups. However, we think that the more advanced 3D RISM model should require less extra parameters to correct the HFE values because it better accounts for the spatial solute-solvent correlations around the solute.
Secondly, we note that within the framework of the RISM theory there exist several approximate expressions that allow one to analytically obtain values of the HFE from the total h α (r) and direct c α (r) correlation functions [12, 59, 69] . In this work, we use a HFE expression initially developed by Chandler, Singh and Richardson, and adopted by Kovalenko and Hirata for the 3D RISM case, which assumes Gaussian fluctuations (GF) of the solvent [59, 72] : (9) where ρ α is the number density of a solute sites α. We use this HFE expression here because in our recent works [68, 12] we found that the GF expression performs better for HFE calculations than traditionally used HNC [32] or KH [33] expressions for RISM HFEs.
Thirdly, we have recently shown that the partial molar volume is well correlated with the difference between experimental and 1D RISM calculated hydration free energies [12] . This is due to the fact that the RISM theory systematically over estimates the energy required to form a cavity in the solvent (e.g. excluded volume term). This observation suggests that the partial molar volume can be used with a proper scaling coefficient as a universal correction (UC) for the 3D RISM calculations. Therefore, we propose a model which is a linear combination of the G 3DRISM hyd , the dimensionless partial molar contribution, ρV , and a bias correction, b (intercept):
where V is the calculated partial molar volume, ρ is the number density of bulk solvent and a is the scaling coefficient. The scaling coefficient a and intercept b values are obtained by simple linear regression against the training data. We estimate the solute partial molar volume via solutesolvent site correlation functions using the standard 3D RISM theory expression [73, 74] :
where η is the pure solvent isothermal compressibility, ρ α is the number density of solute sites α.
We demonstrate the efficiency of the method in the results section below.
Methods

Hydration free energy data
HFEs and partial molar volumes were calculated for a data set of 185 neutral organic molecules taken from [12] . The data set comprises molecules from multiple different chemical classes, from simple hydrocarbons to polyfragment aromatic compounds, with experimental HFEs compiled from different literature sources [7, 8, 5, [9] [10] [11] 6] . The data are tabulated as G hyd = −RT ln c aq /c gas , with HFEs in kcal mol −1 and concentrations in mol l −1 . The chemical classes represented in the data set are illustrated in figures 2 and 3. In the following analyses, we use the same randomly selected training (65 molecules) and test sets (120 molecules) as were used in the previous study [12] . The complete data set including all experimental and calculated data discussed in this article is provided in the supporting information (available at stacks.iop.org/JPhysCM/22/492101/mmedia).
Computational details 4.2.1. RISM calculations.
Calculations were performed for the case of infinitely diluted aqueous solutions at T = 300 K. We used the Lue and Blankschtein version of the SPC/E model of water (MSPC/E) [75] . This differs from the original SPC/E water model [76] by the addition of modified LJ potential parameters for the water hydrogen, which were altered to prevent possible divergence of the algorithm [31, 36, 77, 40] . The Lorentz-Berthelot mixing rules were used to generate the solute-water LJ potential parameters [78] . The following LJ parameters (for water hydrogen) were used to calculate the interactions between solute sites and water hydrogens: σ 
3D RISM calculations.
The calculation of HFEs with the 3D RISM method was performed using the NAB simulation package [58] in the AmberTools 1.4 set of routines [79] . The 3D-grid around a solute was generated such that the minimum distance between any solute atom and the edge of solvent box (bu f f er in NAB notation) was equal to 30Å. The linear grid spacing in each of the three directions was 0.3Å. We employed the MDIIS iterative scheme [80] , where we used 5 MDIIS vectors, MDIIS step size-0.7, residual tolerance-10 −10 . The PLHNC closure was used for solution of the 3D RISM equations. Solution susceptibility functions were taken from the 1D RISM calculations.
Solvent susceptibility functions.
Solvent susceptibility functions were calculated with the 1D RISM method present in AmberTools 1.4. The dielectrically consistent RISM was employed [81] , using the PLHNC closure. The grid size for 1D-functions was 0.025Å, which gave a total of 16384 grid points. We employed the MDIIS iterative scheme, where we used 20 MDIIS vectors, MDIIS step size-0.3, and residual tolerance-10 −12 . The solvent was considered to be pure water with a number density 0.0333Å −3 , a dielectric constant of 78.497, at a temperature of 300 K. The final susceptibility solvent site-site functions were stored and then used as input for the 3D RISM calculations. Furthermore, the solvent isothermal compressibility was evaluated from the 1D RISM calculation: k B T η = 1.949 459Å 3 .
Input structures and potential parameters.
The following data are needed for 3D RISM calculations in the NAB simulation package: (1) atomic coordinates, (2) partial charges of atoms, and (3) atom-atom potential parameters representing the van der Waals interactions. These parameters were assigned to each molecule using programs distributed with the AmberTools 1.4 package [79, 82, 83] .
(1) The coordinates of each molecule were optimized using the AM1 Hamiltonian [84] via the antechamber [85] suite, which uses the sqm [79] program for semiempirical QM calculations. The initial configurations for these QM geometry optimizations were taken from the our previous work [12] . (2) Atomic partial charges were calculated using the AM1-BCC method [86] [87] [88] , where BCC stands for bond charge correction, as implemented in Antechamber from the AmberTools 1.4 package [79] . The BCC parameters were taken from [87] . (3) For all compounds, the LJ parameters from the General Amber Force Field (GAFF) [88] were assigned to solute atoms with the antechamber and tleap programs [85] . Empty squares correspond to the training set, filled circles correspond to the test set.
Results
The uncorrected hydration free energies calculated by 3D RISM have only a weak correlation with the experimental data, as can be seen in figure 4 . For the complete data set (i.e. training and test data sets combined), it is observed that R = 0.54, σ = 5.13 kcal mol −1 and bias = 17.29 kcal mol −1 , where R is the correlation coefficient, σ is the standard deviation of the residual, and the bias is the mean of the residual. The bias indicates that on average the HFEs calculated by 3D RISM are significantly too positive with respect to the experimental data, which shows that the method predicts these molecules to be too hydrophobic.
A weak correlation is also observed between the calculated partial molar volume and the experimental hydration free energies, as can be observed in figure 4 .
The interesting result arising from this work is that the calculated partial molar volume has a very high correlation with the residual (calculated as the hydration free energy estimated by 3D RISM using the GF free energy expression minus the experimental hydration free energy). The correlation coefficients are R = 0.99 and 0.97 for the training and test sets, respectively. This correlation is very clearly illustrated in figure 5 .
Conceptually, in the framework of the solute model considered here, the process of transferring a neutral organic molecule from gas phase to aqueous solution can be considered to comprise two steps: insertion of the solute into the solvent without partial charges (dispersion and cavity formation terms), followed by 'switching-on' of the charges (electrostatic interactions). In continuum solvent models, the second term is calculated using either the generalized-Born or PoissonBoltzmann equation, while the remaining terms are estimated by e.g. a linear relationship with the solvent accessible surface area. By contrast, solution of the RISM equations at the thermodynamic limit gives the excess chemical potential (the HFE) directly. In principle, RISM might be considered to use a more rigorous model of solute-solvent interactions than continuum methods, since it retains information about the solvent structure (in the form of density correlation functions). However, it has previously been suggested that there is a systematic error in the cavity formation term calculated (implicitly) by the RISM. For example, RISM calculations using the HNC-based expressions are known to give inaccurate estimates of hydration free energies because they overestimate the energy required to form a cavity in the solvent (and also underestimate the electrostatic contribution to the hydration free energy of hydrogen bonding sites) [40, 38, 39] . Formation of a cavity in water is energetically disfavorable in most cases due to the loss of entropy associated with solvent organization around the solute [89, 90] . We also note that the importance of the excluded volume contribution to the hydration free energy has been highlighted in the morphometric approach to the solvation free energy by Roth et al [91] and in the later works of Kinoshita and co-workers on hydration thermodynamics of biomolecules [51, [92] [93] [94] .
The results presented here show that HFEs calculated using 3D RISM and the GF free energy expression are too positive (e.g. too hydrophobic) with respect to experimental data.
Based on this observation, we propose that the observed error in HFEs increases linearly with partial molar volume because 3D RISM and the GF model systematically Table 1 . Correlation between calculated and experimental hydration free energies for three different computational methods: (RISM-UC) 3D-RISM with partial molar volume correction; (A) 3D-RISM without partial molar volume correction; (B) linear regression against partial molar volume only. The columns give the correlation coefficients between calculated and experimental hydration free energies (R), and the standard deviations (σ ) or means (bias) of the prediction error. The terms in parentheses indicate either fit (tr) or leave-one-out cross-validation (cv) against the training set, or prediction of the test set (te). Both σ and bias are given in units of kcal mol −1 , while R is dimensionless.
Training dataset
Test dataset overestimate the energy required for cavity formation. The results suggest that the calculated partial molar volume can be used as a simple correction to improve the accuracy of HFEs calculated using 3D RISM and the GF expression (see below). The use of a partial molar volume term in this manner has some precedent in studies using the 1D RISM theory, where it has been employed to improve calculations for simple organic molecules [40] , polyfragment molecules [12] and bioactive molecules [68] . However, we note that in all of these 1D RISM studies the partial molar volume was shown to be only weakly correlated with the error in the calculated HFE and additional empirical terms were required to obtain accurate predictions of HFE, which indicates that the 3D RISM theory is a key component of the model proposed here. The fact that the partial molar volume is so well correlated with the difference between experimental and 3D RISM calculated hydration free energies suggests that it can be used as a Universal Correction for these calculations. We demonstrate this in the results shown in table 1. The scaling coefficient and intercept for the 3D RISM-UC model (see equation (10) 
Discussion
The results presented here indicate that the error in hydration free energies calculated using 3D RISM and the GF free energy expression is strongly correlated with the partial molar volume calculated by the same method. The correlation is observed for multiple different classes of organic molecules, from simple hydrocarbons to polyfragment aromatic compounds. We have shown that accurate calculations of hydration free energies can be obtained using the 3D RISM with a simple empirical correction based on the calculated partial molar volume. For an external test set of 120 organic molecules, the hydration free energies calculated using the 3D RISM-UC model were found to be in good agreement with experimental data, with a standard deviation of the error of approximately 1 kcal mol −1 , which even without additional parameterization is comparable to the best existing methods in the field (e.g. fully atomistic simulations [11, 6, 95, 96] , energy representation method [97] [98] [99] [100] as well as end-point methods [25, 40, 41, 101] , etc).
The HFEs calculated using the RISM are known to be sensitive to different parameters within the model, which makes it necessary to comment on the model parameters selected in this work.
We have used atomic partial charges calculated using the AM1-BCC method, LennardJones parameters taken from GAFF, and the PLHNC closure relationship and GF free energy expression of 3D RISM theory. AM1-BCC charges are calculated from AM1-Mulliken charges by applying an empirical mapping (a bond charge correction scheme) that is designed to make them fit the electrostatic potential at the HF/6-31G * level. The empirical mapping used in this work was derived by Jakalian et al [87] and the calculations were performed using Antechamber [85] . It has previously been shown that HFEs calculated using AM1-BCC charges and 1D RISM are often of similar accuracy to those calculated using charges obtained from higher levels of theory [68] . This might be attributed to the fact that atomic partial charges fitted to the HF/6-31G * gas-phase electrostatic potential are known to overestimate dipole moments, which suggests that they implicitly include the solvent polarization effect to some extent [102] . The Lennard-Jones parameters in GAFF are the same as those in the widely used Amber94 and Amber99 forcefields [88] and are expected to be satisfactory for HFE calculation. Within the RISM, the PLHNC closure was employed and free energies were calculated using the GF expression. It has previously been shown that errors in HFEs calculated using 1D RISM and the GF expression can be explained by a small number of empirical parameters, which is consistent with the results presented here.
It is interesting to note that the correlation between the calculated partial molar volume and the error in calculated hydration free energies is found to be considerably less when using the 1D RISM rather than the 3D RISM. In previous work [12, 68] , we have demonstrated that accurate calculations of hydration free energies can be obtained with the 1D RISM, but that it is necessary to introduce additional atomic [68] or structural descriptors [12] to correct systematic errors for some classes of compounds.
One potential application of HFE calculations is in screening large databases of compounds, e.g. in pharmaceutical drug discovery or in assessing the environmental fate of pollutant molecules, where the time required for each calculation is of importance as well as the accuracy. The calculations discussed in this paper were performed on an Intel(R) Core (TM)2 Duo CPU E8600 3.33 GHz processor, on which the mean time required for a single calculation was approximately 30 min, while the minimum and maximum values were approximately 12 min and 45 min, respectively, depending on the size of the molecule in question. The fact that HFEs can be calculated relatively quickly and accurately using the RISMbased approach described here suggests that after further development they may be widely beneficial for applications to practical problems in the natural sciences.
The development of the integral equation theory of molecular liquids to allow quantitatively accurate calculation of HFEs has been a challenge for over 40 years. The method proposed here provides a very simple means to obtain HFEs from the RISM that are in good agreement with experiment. The results suggest that the 3D RISM can be developed for quantitative modeling of solvation thermodynamics across multiple classes of molecules, opening up new avenues of research for the integral equation theory of molecular liquids.
